The DDHD domain-containing proteins, which belong to the intracellular phospholipase A 1 (iPLA 1 ) family, have been predicted to be involved in phospholipid metabolism, lipid trafficking, membrane turnover, and signaling. Defective cardiolipin (CL), phosphatidylethanolamine, and phosphatidylglycerol remodeling cause Barth syndrome and mitochondrial dysfunction. Here, we report that Yor022c is a Ddl1 (DDHD domaincontaining lipase 1) that hydrolyzes CL, phosphatidylethanolamine, and phosphatidylglycerol. Ddl1 has been implicated in the remodeling of mitochondrial phospholipids and CL degradation. Our data also suggested that the accumulation of monolysocardiolipin is deleterious to the cells. We show that Aft1 and Aft2 transcription factors antagonistically regulate the DDL1 gene. This study reveals that the misregulation of DDL1 by Aft1/2 transcription factors alters CL metabolism and causes mitochondrial dysfunction in the cells. In humans, mutations in the DDHD1 and DDHD2 genes cause specific types of hereditary spastic paraplegia (SPG28 and SPG54, respectively) , and the yeast DDL1-defective strain produces similar phenotypes of hereditary spastic paraplegia (mitochondrial dysfunction and defects in lipid metabolism). Therefore, the DDL1-defective strain could be a good model system for understanding hereditary spastic paraplegia.
The DDHD domain was first identified as a long stretch of 180 amino acids in the central part of the Nir/rdgB (N-terminal domain-interacting receptor/Drosophila retinal degeneration B) proteins. This domain possesses four conserved amino acid residues (DDHD), and the name DDHD domain is based on these four residues. This domain is also found in the C-terminal region of the phosphatidic acid (PA) 3 -preferring phospholipase A 1 (PA-PLA 1 ). The DDHD domain has been predicted to be involved in phospholipid metabolism, lipid trafficking, membrane turnover, and signaling (1) . The iPLA 1 proteins constitute a recently identified lipid-metabolizing enzyme family. PA-PLA 1 /DDHD1, KIAA0725p/DDHD2, and p125/Sec23ip are three mammalian iPLA 1 family members. Yeasts, nematodes, and plants also have iPLA 1 family proteins (2) . Higgs and Glomset (3) identified the first iPLA 1 member, PA-PLA 1 , in bovine brain and testis. The hydrolase activities of DDHD1 and DDHD2 (4, 5) have been studied, whereas that of p125 is yet to be demonstrated. In humans, mutations in DDHD1 cause a type of hereditary spastic paraplegia (HSP) termed SPG28 (6) , whereas mutations in DDHD2 cause SPG54 (7) . HSP is a genetically and clinically heterogeneous group of inherited neurological disorders. Defects in intracellular membrane trafficking, mitochondrial functions, and lipid metabolism have been associated with HSP pathogenesis (6, 8) .
The mitochondria are crucial organelles that control the life and death of the cell. Important metabolic reactions, the synthesis of most of the cellular ATP, and the regulation of a number of signaling cascades, such as apoptosis, occur in the mitochondria (9) . The major non-bilayer-forming phospholipids, phosphatidylethanolamine (PE) and CL, are synthesized in the mitochondria (10, 11) . The presence of CL and PE is important for mitochondrial fusion (12) . In the absence of CL, a reduction in the inner membrane potential ⌬ and a defect in protein import into the mitochondria have been reported (13) . It has been suggested that CL and mitochondrial PE have overlapping functions and that PE compensates for the loss of CL and vice versa (14) . Barth syndrome patients have deficiencies in the molecular species of CL, phosphatidylglycerol (PG), phosphatidylcholine (PC), and PE (15, 16) . Beranek et al. (17) and Ye et al. (18) have proposed models for CL remodeling in yeast. Like CL remodeling, PG remodeling has been reported in human mitochondria (19) , but there is no report of it in yeast. Thus, the enzymes responsible for PG remodeling in yeast remain to be identified. Several studies have shown that CL is very important for mitochondrial function and growth on different carbon sources (17, 18) . The growth defect is more pronounced at higher temperatures because CL is required to maintain the mitochondrial DNA and other important cellular functions (13) . Defects in PE and CL metabolism cause mitochondrial dysfunction.
In this study, we report that Yor022c, a Saccharomyces cerevisiae mitochondrial protein (20) of the iPLA 1 family, is a novel mitochondrial phospholipase that hydrolyzes important mitochondrial phospholipids. Yor022c is a DDHD domain-containing serine hydrolase named Ddl1 (DDHD domain-containing lipase 1) that plays roles in CL, PE, and PG remodeling. We also suggest that Ddl1 has roles in CL degradation. In addition, we show that the DDL1 gene is antagonistically regulated by Aft1 and Aft2 transcription factors.
Results
The DDL1 Gene and the Cellular Phospholipid Content-Ddl1 is a DDHD domain-containing protein that belongs to the iPLA 1 family of proteins. A list of homologs of the iPLA 1 family is available on the UniProtKB database. A sequence comparison was performed between selected members of the family that contained two conserved regions: the lipase motif (GXSXG) and the DDHD domain. An analysis of the sequences in the PROSITE database showed that the lipase motif is present inside the PROSITE domain PS00120 consensus sequence LIV-KG-LIVFY-LIVMST-G-HYWV-S-YAG-G-GSTAC, where the underlined amino acids are not accepted at a given position. In some family members, the lipase consensus sequence (GXSXG) was replaced by the SXSXG sequence. In Ddl1, the lipase motif spanned amino acids 499 to 503, whereas the DDHD domain spanned amino acids 519 to 700 ( Fig. 1A) .
As reported previously (1) , DDHD domain-containing proteins play an important role in phospholipid metabolism. Therefore, we analyzed the phospholipid profiles of the ddl1⌬ strain. The cells were grown in their respective media with 0.2 Ci of [ 14 C]acetate/ml. The lipids were extracted from stationary-phase cells and resolved on a silica-thin-layer chromatography (TLC) plate followed by phosphorimaging. The ddl1⌬ strain did not show a significant change in the PA content compared with the wild-type strain (Fig. 1B) . The deletion of the DDL1 gene resulted in an increase (ϳ21%) in the CL content in the cells, whereas the ddl1⌬ strain did not show a substantial change in the content of other phospholipids (Fig. 1C ). We also analyzed the phospholipid content of the important deletion strains in the CL metabolism (Fig. 1C ). The CLD1 gene encodes the known cardiolipin-specific phospholipase, whereas the CRD1gene encodes cardiolipin synthase. Gep4 is a phosphatase required for PG synthesis, and Taz1 is a transacylase required for CL remodeling. The CL-deficient and PG-rich crd1⌬ strain was used as a negative control for CL and as a positive control for PG. The gep4⌬ strain was used as a negative control for both CL and PG. The crd1⌬ cells grown on glucose showed an accumulation of PG (1.79 Ϯ 0.07% of the total phospholipids), which was confirmed using three different TLC solvent systems (solvent systems 1, 2, and 3). The cellular PA content did not change significantly upon overexpression of the DDL1 gene (data not shown). Overexpression of the DDL1 gene caused a significant decrease (ϳ22%) in the cellular CL content on the ddl1⌬ and (ϳ33%) wild-type backgrounds compared with the vector control ( Fig. 1D ), whereas the PE content was elevated by ϳ16% on the ddl1⌬ background and ϳ23% on the wild-type background (Fig. 1E ). We also checked the effect of DDL1 overexpression on the cellular content of the PG, an important intermediate of the CL biosynthesis. The cellular PG content did not change significantly upon overexpression of the DDL1 gene on the crd1⌬ background (data not shown). The TLC analyses of the deletion and overexpression studies suggested that the DDL1 gene may have a potential role in the phospholipid metabolism.
Phospholipase Assay-To validate the role of the DDL1 gene in phospholipid metabolism, we conducted a phospholipase activity assay using recombinant Ddl1 protein. Prior to the assays, the recombinant Ddl1 protein was purified from the yeast using nickel-nitrilotriacetic acid (Ni 2ϩ -NTA) column chromatography and confirmed by immunoblotting with an anti-His 6 monoclonal antibody ( Fig. 2A ). All of the assays were conducted in the presence of the purified recombinant Ddl1 protein. The phospholipase assays with different fluorescently tagged phospholipids and native phospholipids showed that Ddl1 hydrolyzes CL, PE, and PG as substrates. Phospholipase activity was measured under different assay conditions. The protein-dependent ( Fig. 2B ) and time-dependent ( Fig. 2C ) lipase activity of Ddl1 was measured using fluorescently tagged CL, PE, and PG. The assays showed a protein-and time-dependent increase in the phospholipase activity. Similarly, pH-dependent and temperature-dependent assays were also conducted. Greater activity was observed at pH 8.5 and at 25°C (data not shown).
The phospholipase activity of Ddl1 was measured using the native phospholipids (CL, PE, and PG) as substrates. The phospholipase activity of Ddl1 was higher for CL compared with PE and PG (Fig. 3A ). PLA 1 activity toward the C18:1-, C18:0-, and C16:0-containing substrates (PE and PG) was not significantly different ( Fig. 3B ). Site-directed mutagenesis was conducted to evaluate the role of the GXSXG motif in lipase activity. The predicted amino acid residues Gly-499, Ser-501, and Gly-503 were replaced with alanine. The recombinant mutant Ddl1 proteins were purified from the yeast, similar to the wild-type Ddl1 protein. Mutations in the GXSXG motif (Gly to Ala) caused a significant reduction in the lipase activity of the protein, whereas the Ser to Ala mutation completely abolished the activity ( Fig. 3C ). Inoue et al. (4) have suggested that the DDHD domain is crucial for the PLA 1 activity. Therefore, to check the effect of the DDHD domain on the phospholipase activity of the Ddl1, we created a DDHD domain deletion protein (truncated Ddl1). Like wild-type Ddl1, the truncated Ddl1 protein was purified, and the phospholipase activity assays were performed. The data indicated that the DDHD domain deletion significantly reduced the phospholipase activity of the Ddl1 (Fig. 3D ). Collectively, these experiments suggested that Ddl1 is a novel phospholipase that uses key mitochondrial membrane lipids as substrates.
DDL1 Alters the Molecular Species Profile of CL, PE, and PG-Phospholipase assays revealed that Ddl1 hydrolyzes CL, PE, and PG. Therefore we checked the effect of the Ddl1 on molecular species of its substrates using the MS/MS ALL technique. An analysis of the molecular species of CL revealed that the C64 to C68 clusters harbored the majority of the CL species, as reported previously (21) . The major CL molecular species clusters (CL C64 to C68) were grouped into two groups, the more unsaturated group (MUG) and the less unsaturated group (LUG). The deletion of the DDL1 gene significantly altered the profile of the CL species (Fig. 4A ). In the ddl1⌬ strain, the CL species with saturated fatty acids (LUG) were increased at the expense of the CL species with unsaturated fatty acids (MUG).
We also analyzed the CL species of cld1⌬ and taz1⌬ strains because the CLD1 and TAZ1 genes play an important role in CL remodeling ( Fig. 4A ). DDL1 overexpression did not significantly affect the molecular species of CL in the cld1⌬ strain, but it caused an increase in the CL species with unsaturated fatty acids (MUG) at the expense of the CL species with saturated fatty acids (LUG) on the ddl1⌬ background ( Fig. 4B ). In contrast, DDL1 overexpression on the wild-type background increased the CL species with saturated fatty acids (LUG) at the expense of the CL species with unsaturated fatty acids ( Fig. 4B) .
A comparison of the ddl1⌬, and wild-type strains showed that there was a relative increase in the C32:0 and a decrease in the C32:1 species of PE ( Fig. 4C ). An analysis of DDL1 overexpression on the ddl1⌬ background showed that there was an increase in the C34:2 species of PE ( Fig. 4D ). DDL1 overexpression on the crd1⌬ background caused a significant increase in the C34:2 and C34:1 species of PG at the expense of the C32:1 and C32:0 species (Fig. 4E ).
We also analyzed the effect of the DDL1 gene on the molecular species of other phospholipids. The analysis showed that like with PE and PG, the C32 and C34 clusters harbored the majority of the PA, PC, phosphatidylinositol (PI), and phosphatidylserine (PS), species, as reported previously (22) . The comparative analysis showed that the DDL1 deletion and overexpression altered the molecular species profile of PA and PS ( Fig. 5 , A-D). In the ddl1⌬ strain, the molecular species of PC and PI were altered, but DDL1 overexpression did not change the molecular species of these phospholipids ( Fig. 5 , E-H). These changes could be due to the indirect effect of the DDL1 gene, as Ddl1 did not show lipase activity toward these phospholipids. Together, the phospholipase assays and the phospholipids analyses of the deletion and overexpression studies suggested that the DDL1 gene may have a potential role in the CL metabolism.
AFT1 and AFT2 Antagonistically Regulate the DDL1 Gene-To identify the transcription factor that putatively binds the upstream promoter region of the DDL1 gene, we searched the Yeastract promoter database of S. cerevisiae, which provided us with 23 different transcription factors. However, none of them are directly involved in the regulation of mitochondrial functions. Recently, Berthelet et al. (23) have shown that the AFT1 gene has iron-independent functions and affects mitochondrial function. Therefore, we selected Aft1 and its paralog, Aft2, both of which bind at the same sequence ( Fig. 6A ). First, we examined the expression of the DDL1 gene on the aft1⌬ and aft2⌬ backgrounds. The AFT1 deletion caused an increase in the expression of the DDL1 transcripts, whereas the AFT2 deletion caused a decrease in the level of the DDL1 transcripts. AFT2 was up-regulated (8.87-fold) in the aft1⌬ strain, and AFT1 was up-regulated 7.46-fold in the aft2⌬ strain ( Fig. 6B ). Compared with the vector control, AFT1 overexpression caused a slight down-regulation of the DDL1 transcripts, whereas AFT2 overexpression up-regulated (ϳ12-fold) the expression of the DDL1 gene ( Fig. 6C ). To assess the transcriptional regulation of the DDL1 gene by Aft1/2 in vivo, the ␤-galactosidase activity of DDL1-lacZ was measured in the WT, aft1⌬, and aft2⌬ strains. The ␤-galactosidase activity of the aft1⌬ strain was significantly higher (ϳ37%), and that of the aft2⌬ strain was lower (ϳ52%) than the wild-type strain (Fig. 6D ). These results suggested that Aft1 negatively regulates DDL1 expression, whereas Aft2 positively regulates its expression.
It has been shown that Aft1 and Aft2 bind a conserved ironresponsive element (Fe-RE) site present in the promoters of their gene targets. Fe-RE binding sites consist of a CACCC core sequence (24) . Chromatin immunoprecipitation (ChIP) assays were performed to assess the in vivo binding of Aft1/2 to the DDL1 promoter. The ChIP assays revealed that both Aft1 and Aft2 occupy the DDL1 promoter ( Fig. 6E ). To confirm the binding of Aft1/2 to the DDL1 promoter, gel shift assays were performed using the bacterially expressed and purified recombinant Aft1/2 proteins. The proteins were purified by Ni 2ϩ -NTA column chromatography. We were able to purify Aft2 protein, but the Aft1 protein was only partially purified ( Fig. 7A ). As the amount of protein increased, a decrease in the free DNA and an increase in the formation of the DNA-protein complex were observed ( Fig. 7 , B and C). Electrophoretic mobility shift assays (EMSAs) conducted in the presence of an anti-His 6 monoclonal antibody (Ab) showed stronger DNA-protein complex formation. Fe 2ϩ prevented Aft1/2 binding ( Fig. 7D ). Together, the data from the expression analysis, ␤-galactosidase activity assays, ChIP assays, and gel shift assays suggested that Aft1 and Aft2 antagonistically regulate DDL1 gene.
Knock-out and Overexpression of the DDL1 Gene Produce Mitochondrial Dysfunction-It was reported previously that the Ddl1 protein is localized in the mitochondria (20) , and we showed that it acts as a phospholipase that hydrolyzes the major mitochondrial phospholipids species. Therefore, we investigated the effect of the DDL1 gene on the mitochondria in the cells. Cells grown in stationary phase in synthetic minimal (SM) medium were collected and stained with the mitochondrial dye MitoTracker Orange CMTMRos followed by confocal microscopy. Microscopic imaging showed that alterations in CL metabolism produce mitochondrial dysfunction. The ddl1⌬ strain showed a significant increase (69.46%) in fragmented mitochondria compared with the wild-type cells (24.87%). A similarly significant pattern was also observed in the other deletion strains in CL metabolism ( Fig. 8A ). Ye et al. (18) have shown that the deletion of CLD1 (the only known CL-specific phospholipase A 2 in S. cerevisiae) on the taz1⌬ background rescues the respiration defect of the mutant. Therefore, we also investigated the effect of the DDL1 and CLD1 deletions on the mitochondria in the taz1⌬ strain. CLD1 deletion in the taz1⌬ strain showed a significant reduction in the mitochondrial fragmentation pattern (53.93%) in comparison with the taz1⌬ strain (79.65%), whereas the DDL1 deletion in the taz1⌬ strain caused an increase (93.36%) in the fragmentation pattern ( Fig. 8A ). To understand the effects of CL-hydrolyzing phospholipases on mitochondrial function, we generated a triple deletion strain (RRY25, cld1⌬ddl1⌬taz1⌬) on the taz1⌬ background. Interestingly, compared with the taz1⌬ strain (79.65%), the triple mutant showed reduced (40.44%) mitochondrial fragmentation (Fig. 8A) .
DDL1 overexpression caused an increase (ϳ14% on the ddl1⌬ background and ϳ30% on the wild-type background) in the number of cells with fragmented mitochondria (Fig. 8B ). The effect of DDL1 overexpression on the mitochondrial inner membrane potential was investigated with potentiometric JC-1 dye (5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Јtetraethylbenzimidazolylcarbocyanine iodide). DDL1 overexpression caused a reduction (ϳ21% on the ddl1⌬ background and ϳ23% on the wild-type background) in the mitochondrial inner membrane potential of the cells (Fig. 8C ). DDL1 overexpression caused a substantial reduction in the rate of oxygen consumption in the cells (Fig. 8D ).
We also examined the CL content in the double and triple mutants. Compared with the taz1⌬ strain, the TLC analysis showed a substantial increase (ϳ51%) in the CL content of the triple mutant, whereas the CL contents of the ddl1⌬taz1⌬ and cld1⌬taz1⌬ strains were not significantly different ( Fig. 9A ). We also checked the molecular species profile of CL in the cld1⌬ddl1⌬taz1⌬ strain, which showed no significant difference (Fig. 9B ). The TLC data showed that compared with the taz1⌬ strain, the cld1⌬ddl1⌬taz1⌬ strain exhibited reduced monolysocardiolipin (MLCL) content (Fig. 9C ). The ddl1⌬ and cld1⌬ddl1⌬ strains also showed a faintly detectable amount of MLCL, but MLCL was absent in the cld1⌬ strain (data not shown). We also performed an expression analysis of the DDL1 and CLD1 genes on the taz1⌬ background, which showed that the expression of these genes was increased (ϳ6-fold) ( Fig. 9D ). Briefly, these experiments suggested that both the deletion and overexpression of the DDL1 gene produce mitochondrial dys-function and that the DDL1 gene plays an important role in the CL metabolism.
AFT1/2-defective Strains Exhibit Altered CL Metabolism and Mitochondrial Dysfunction-As reported previously, the AFT1 gene affects mitochondrial function; therefore, we investigated the effects of the AFT1/2 genes on the signature phospholipid species (CL) of the mitochondria. The cells were grown in their respective media with 0.2 Ci of [ 14 C]acetate/ ml. The lipids that were extracted from the stationary-phase cells were resolved on a TLC plate followed by phosphorimaging. The aft1⌬ strain showed a decrease (ϳ16%) in CL content of the cells compared with the wild-type strain, whereas deletion of the AFT2 gene caused an increase (ϳ17%) in the CL content ( Fig. 10A ). Overexpression of the AFT1 gene on the aft1⌬ background caused an increase (ϳ22%) in the CL content, but AFT1 overexpression on the wild-type background caused a decrease in the CL content. The cellular CL content was significantly decreased upon AFT2 overexpression (Fig. 10B) .
Deletions of the AFT1/2 genes altered the CL species profile. In the aft1⌬ strain, the CL species with saturated fatty acids (LUG) were increased, and this change was more profound in the aft2⌬ strain ( Fig. 10C ). An analysis of AFT1 overexpression on the aft1⌬ background did not complement the CL molecular profile; in addition, it exacerbated the condition by increasing the CL species with saturated fatty acids (LUG). AFT2 overexpression on the aft2⌬ background increased the CL species with unsaturated fatty acids (MUG). AFT1/2 overexpression on the wild-type background did not affect the CL molecular profile ( Fig. 10D) .
To assess the role of the AFT1/2 genes on the mitochondria, we stained the stationary-phase cells grown in SM medium with the mitochondrial dye MitoTracker Orange CMTMRos followed by confocal microscopy. Microscopic imaging revealed that the deletion of AFT1 produced a significant increase (66.8%) in the number of cells with fragmented mitochondria compared with the wild-type strain (24.87%). AFT2 deletion also increased the mitochondrial fragmentation ( Fig. 11A ). AFT1 overexpression on the aft1⌬ background did not significantly improve the dysfunction in the mitochondria. AFT1 overexpression on the wild-type background caused an increase (ϳ38%) in the number of cells with fragmented mitochondria ( Fig. 11B ). AFT2 overexpression caused an increase in the number of cells with fragmented mitochondria (ϳ20% on the aft2⌬ background and ϳ50% on the wild-type background) ( Fig. 11B ). Together, the mass spectrometry, TLC analyses, and microscopic imaging of the deletion and overexpression strains suggested that AFT1/2 play a role in CL metabolism and that the AFT1/2-defective strains produce mitochondrial dysfunction.
Discussion
Ddl1 is the serine hydrolase of the iPLA 1 family. Phospholipase assays and site-directed mutagenesis revealed that Ddl1 is a novel mitochondrial phospholipase that hydrolyzes key mitochondrial phospholipids. Although it is likely a PA-PLA 1 , Ddl1 did not show lipase activity toward PA. Deletion of the DDL1 gene caused an increase in the CL content. This could be due to the deletion of CL-preferring lipase leading to CL accumulation. Compared with the vector control, the overexpression of the DDL1 gene on any genetic background caused a significant decrease in the cellular CL content and an increase in the PE content. The increased PE content upon DDL1 overexpression could be due to CL deficiency; Gohil et al. (14) have suggested that CL and mitochondrial PE have overlapping functions and that each can compensate for the loss of the other. Interestingly, the crd1⌬ cells grown on glucose accumulated PG (ϳ1.8% of the total phospholipids), likely because the expression of the CL biosynthetic genes is up-regulated in stationary-phase cells (18) .
In mammals, it is well established that CL remodeling can be achieved via two pathways, similar to the remodeling of other phospholipids. The first occurs via the Lands cycle, a deacylation-reacylation cycle (CoA-dependent) and the second occurs via a deacylation-transacylation cycle (CoA-independent) between acceptor and donor phospholipids. Several models based on the deacylation-transacylation cycle have been proposed for CL remodeling in yeast. Barth syndrome patients have been shown to be defective in CL and PG remodeling (15) . PG undergoes remodeling in human mitochondria to achieve appropriate fatty acyl chains and to prevent the harmful effects of LPG accumulation (19) . Unlike in human, there is no report on PG remodeling in yeast. Recently, Pokorna et al. (25) have reported the presence of two diverse pools of PG with different fatty acid compositions in yeast mitochondria. Like lysophosphatidylglycerol (LPG), the accumulation of Lysophosphatidylethanolamine (LPE) may cause adverse effects to the cells. Therefore, considering these facts, it can be hypothesized that Ddl1 may play an important role in the remodeling of CL, PE, and PG (as Ddl1 hydrolyzes these substrates).
Deletion of the DDL1 gene caused an increase in the saturated species of CL and PE, whereas overexpression of the DDL1 gene increased the unsaturated species. Interestingly, DDL1 overexpression did not significantly affect the molecular species of CL in the cld1⌬ strain, which indicates that Ddl1 acts independently. DDL1 overexpression on the crd1⌬ background caused a significant increase in the unsaturated species of PG. Considering these results, we propose that CL is remodeled through a deacylation-transacylation cycle in which MLCL is generated from CL by phospholipases (Cld1 and Ddl1) followed by MLCL reacylation by transacylase (Taz1). Thus, the acyl specificity of CL is achieved by extensive remodeling through PLA 1 (Ddl1), PLA 2 (Cld1), and transacylase (Taz1) activities. In addition, we also propose a role for Ddl1 in CL degradation (Fig.  12 ). The dilysocardiolipin formed by Ddl1 activity initiates CL degradation (26) . We propose that a deacylation (by Ddl1)reacylation (by CoA-dependent acyltransferase) cycle is responsible for PE and PG remodeling in yeast. With its broad substrate specificity, the Ale1 (also known as Lpt1) protein may reacylate the LPE and LPG generated by Ddl1 activity to PE and PG, respectively (27, 28) . It will be interesting to study the relationship between the DDL1 and ALE1 genes in phospholipid metabolism.
It has been shown that CL is very important for the mitochondrial functions. The taz1⌬ strain displayed a low CL content and no accumulation of PG, suggesting that the PG to CL biosynthesis is not affected in the taz1⌬ strain. However, the reduced CL content indicated that CL hydrolysis/degradation may have increased. An analysis of the expression of the DDL1 and CLD1 genes on the taz1⌬ background showed a significant increase in their expression levels, indicating that CL hydrolysis and degradation were increased in the taz1⌬ strain. CLD1 deletion in the taz1⌬ strain produced a significant reduction in the number of cells with fragmented mitochondria, and the cld1⌬taz1⌬ double mutant rescued the mitochondrial defect of the taz1⌬ strain. One possible explanation for this is that the level of MLCL was reduced in the double mutant compared with the single mutant. DDL1 deletion in the taz1⌬ strain caused an increase in the number of cells with fragmented mitochondria. Therefore, the most likely explanation is that CL, PE, and PG remodeling and CL degradation were affected in the double mutant. Interestingly, compared with the taz1⌬ strain, the cld1⌬ddl1⌬taz1⌬ strain showed reduced mitochondrial fragmentation. The CL content was also increased in the triple mutant compared with the taz1⌬ strain, which can be attributed to the deletion of both CL-preferring lipases. These data suggested that the accumulation of MLCL in the taz1⌬ strain is deleterious. Like deletion strains in CL metab- FIGURE 9 . The DDL1 gene and cellular MLCL content. A, effects of the TAZ1, DDL1, and CLD1 genes on the cellular CL content. The lipids that were extracted from the stationary-phase cells (A 600 ϭ 25) grown in the presence of [ 14 C]acetate were analyzed on a TLC plate. B, TAZ1, DDL1, and CLD1 genes and molecular species of CL. The molecular species of CL in the cld1⌬ddl1⌬taz1⌬ strain were compared with the taz1⌬ control, and the data for the taz1⌬ strain were duplicated from Fig. 4A . C, effects of the TAZ1, DDL1, and CLD1 genes on the cellular MLCL content. The lipids that were extracted from the stationary-phase lyophilized cells (50 mg) were resolved on a TLC plate, which was then charred with 10% cupric sulfate in 8% aqueous phosphoric acid for 10 min at 180°C. The amounts of CL and MLCL were determined relative to the total CL (CL ϩ MLCL). D, analysis of the expression of the DDL1 and CLD1 genes in the taz1⌬ strain. olism, the DDL1-defective strains also showed mitochondrial dysfunction. Therefore, the most likely explanation is that CL, PE, and PG remodeling and CL degradation were affected in the DDL1-defective strains. Based on our findings, it is clear that both CL remodeling and CL degradation are important for cell survival.
To identify the transcription factor that regulates the DDL1 gene, we performed an in silico analysis and determined that the Aft1/2 transcription factors have the same putative binding site in the upstream region of the DDL1 promoter. Aft1 negatively regulates DDL1 expression, whereas Aft2 positively regulates DDL1 expression. CL profiling in both the deletion and overexpression strains suggested that AFT1/2 may play a role in CL metabolism. Studies related to mitochondrial function suggested that AFT1 deletion and AFT2 overexpression cause similar phenotype, such as fragmented mitochondria. Both deletion/down-regulation and overexpression/up-regulation of DDL1 are deleterious to the cells. Thus, our entire study can be summarized thus: "the misregulation of DDL1 by Aft1/2 alters CL metabolism and causes mitochondrial dysfunction in the cells."
Nakajima et al. (29) have reported that human DDHD2 hydrolyzes PA and PE, and it prefers PA as a substrate. Inoue et al. (4) have shown that both DDHD1 and DDHD2 have PA-PLA1 activity. Mutations in the DDHD1 and DDHD2 genes cause HSP (SPG28 and SPG54, respectively), and the deletion of yeast DDL1 produced similar phenotypes (mitochondrial dysfunction and defects in lipid metabolism). It has been also reported that DDHD1 is partially localized to the mitochondria (6, 30) . Therefore, it will be interesting to investigate the role of DDHD1/2 in CL metabolism. In addition, the DDL1-defective strain could be a good model system for understanding hereditary spastic paraplegia.
Experimental Procedures
Materials-The phospholipids used in this study (MLCL; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; SOPE, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; DOPG, 1,2-dioleoyl-sn-glycero-3-phospho-(1Ј-rac-glycerol); SOPG, 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1Ј-rac-glycerol); POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1Ј-racglycerol); TopFluor-CL, 1,1Ј,2,2Ј-tetraoleoyl cardiolipin ]Acetate was obtained from American Radiolabeled Chemicals, Inc. The enzymes used for cloning were procured from New England Biolabs. The protein molecular mass markers were obtained from New England Biolabs and Genetix Biotech Asia Pvt. Ltd., the Ni 2ϩ -NTA-agarose columns were purchased from Bio-Rad, and TLC plates were obtained from Merck. The fluorescence-based probes for the yeast mitochondria were purchased from Life Technologies. The materials required for real-time quantitative PCR analysis were purchased from Applied Biosystems. The materials required for yeast extract-peptone-dextrose (YPD) and Luria-Bertani (LB) media were purchased from HiMedia. Yeast nitrogen base was purchased from Difco. The yeast transformation kit was obtained from Clontech. The glass beads, ammonium acetate, yeast synthetic drop-out medium, antibiotic, oligonucleotides, antibodies (H1029 and A3562), and all other reagents were obtained from Sigma-Aldrich unless specified otherwise.
Strains, Plasmids, and Culture Conditions-The strains used in this study are listed in Table 1 . The yeast deletion strains were purchased from Euroscarf. The double and triple deletion strains were created using a PCR-based gene deletion protocol (31) . The deletion cassette (spanning the whole marker cassette plus the homologous upstream and downstream regions of the targeted gene) was amplified from the YEp351 (LEU2) or pUG34 (HIS3) vector. The cells were transformed with the PCR product (deletion cassette) to produce homologous recombination, and the positive colonies were confirmed by PCR using the different screening primers listed in Table 2 . The plasmids used in this study are listed in Table 3 . To create the constructs, the genomic DNA was isolated from yeast cells. Gene-specific primers were used to amplify the DDL1 (YOR022C) gene from the genomic DNA. The gene was cloned into the pYES2/NT B yeast expression vector using the KpnI (forward primer) and XhoI (reverse primer) restriction sites and named as pRP1. The pRP2, pRP3, and pRP4 plasmids were constructed by PCR-mediated site-directed mutagenesis using the pRP1 construct as a template. The truncated DDL1 (DDL1 gene devoid of the C-terminal DDHD domain) gene was cloned into the pYES2/NT B vector, and the construct was named pRP5. To analyze the ␤-galactosidase activity, the pRP6 plasmid was constructed by cloning 1000 base pairs of the upstream promoter sequence plus 9 base pairs downstream of the start site of the DDL1 gene into the YEp357 vector. KpnI (forward primer) and XbaI (reverse primer) restriction sites were used for cloning. The pRP7 and pRP8 plasmids were constructed by cloning the AFT1 and AFT2 genes, respectively, into the pRSET A bacterial expression vector. Gene-specific primers with XhoI (forward primer) and KpnI (reverse primer) restriction sites were used for the PCR amplification of the AFT1 and AFT2 genes from the yeast genomic DNA. The BG1805-AFT1 and BG1805-AFT2 plasmids were purchased from Thermo Scientific Open Biosystems. All of the constructs were confirmed by DNA sequencing. The primers used in this study are listed in Table 2 .
The strains used in this study were maintained as glycerol stocks at Ϫ80°C. The yeast strains are routinely maintained on YPD-agar (1% yeast extract, 2% peptone, 2% glucose, and 2% agar, pH 6.5) plates stored at 4°C. The working plates were revived periodically. A single colony of the wild-type strain or other strains was precultured from the working YPD plates in 5 ml of YPD liquid medium in a 50-ml culture tube and allowed to grow overnight at 30°C with constant shaking at 200 rpm in a shaking incubator. An equal amount of cells was taken from the preculture and subcultured in the required volume of SM medium (yeast nitrogen base, 6.7 g; amino acids drop-out, 1.92 g; uracil, 76 mg/liter; and 2% glucose, pH 6.5) at 30°C. To select the double and triple deletion strains, the appropriate amino acid was removed from the SM medium. Similarly, to maintain the plasmid in the transformants, uracil (U) was omitted from the medium. In this study, cells harboring the pYES2/ NT B-DDL1, BG1805-AFT1, and BG1805-AFT2 plasmids were precultured in SM Ϫ U ϩ 2% glucose medium and subcultured in an induction medium (SM Ϫ U ϩ 2% galactose) unless specified otherwise. For the cells that grew slowly, a 3-fold increased amount of the inoculum was subcultured. The bacterial cells were routinely maintained on LB-agar plates (1% tryptone, 0.5% yeast extract, 1% NaCl, and 2% agar) stored at 4°C. The bacterial cells were cultured in LB medium at 37°C. Ampicillin (100 g/ml) was added to the medium to maintain the construct in the cells.
Radiolabeled Precursor Feeding and Lipid Profile Analysis-
The yeast cells were grown in SM ϩ U ϩ 2% glucose or SM Ϫ U ϩ 2% galactose medium with 0.2 Ci of [ 14 C]acetate/ ml. An equal amount of cells (A 600 ϭ 25) from the stationary phase was taken from each sample for lipid extraction. The lipids were extracted according to the method of Bligh and Dyer (32) with slight modifications. The cells were vigorously vortexed in the presence of a chloroform:methanol:2% orthophos- , v/v), followed by phosphorimaging. To separate CL and PG, solvent system 3, which is a two-dimensional system (a basic solvent system followed by an acidic system), was also used. The first dimension was chloroform:methanol: 25% ammonia (65:35:4, v/v), and the second dimension was chloroform:methanol:acetic acid:water (85:25:5:4, v/v). Each phospholipid species was scraped off of the plate, and the label was counted with a liquid scintillation counter (PerkinElmer Micro Beta 2 2450 microplate counter) using a toluene-based scintillation fluid. As reported earlier (33) , the amount of each phospholipid species was determined relative to the total phospholipid content, and each phospholipid species in a strain was compared with WT/control values that were set at 100%. To separate MLCL from the other phospholipids, the cells were grown to the stationary phase, and the lipids were extracted from 50 mg of lyophilized cells. The extracted lipids were 
No. Gene Forward primer
Reverse primer
HIS3 M FSp ACGACCATCACACCACTGAAGACTGCG Derived from pRP1 in which 1495 GGC 1497 is mutated to 1495 GCT 1497 : pYES2/NT B-DDL1 (G1 to A) This study pRP3
Derived from pRP1 in which 1501 TCG 1503 is mutated to 1501 GCT 1503 : pYES2/NT B-DDL1(S to A) This study pRP4
Derived from pRP1 in which 1507 GGT 1509 is mutated to 1507 GCT 1509 : pYES2/NT B-DDL1 (G2 to A) This study pRP5
Truncated DDL1 gene is cloned into pYES2/NT B: pYES2/NT B-DDL1-DDHD (DDL1 gene devoid of C-terminal DDHD domain)
This study pRP6 P DDL1 -lacZ reporter gene containing the DDL1 promoter into YEp357 This study pRP7 AFT1 gene is cloned into pRSETA (pRSET A-AFT1) This study pRP8
AFT2 gene is cloned into pRSETA (pRSET A-AFT2) This study BG1805
Yeast expression vector with uracil selection Open Biosystems BG1805-AFT1 AFT1 gene is cloned into BG1805 Open Biosystems BG1805-AFT2 AFT2 gene is cloned into BG1805 Open Biosystems resolved using solvent system 4 (chloroform:methanol:acetic acid:water, 85:25:5:4, v/v), and the plate was then charred with 10% cupric sulfate in 8% aqueous phosphoric acid solution for 10 min at 180°C. CL and MLCL were quantified using Gene-Tools software (SynGene, a division of Synoptics Ltd.). The amounts of CL and MLCL were determined relative to the total CL (CL ϩ MLCL) content and represented as a percentage for comparison. Expression and Purification of the Recombinant Proteins-The proteins were expressed according to the protocol given for the respective cloning vector, with slight modifications. Yeast cells harboring the pYES2/NT B-DDL1 construct were grown overnight in 10 ml of SM Ϫ U ϩ 2% glucose medium at 30°C with shaking. On the next day, the cells were pelleted, washed with autoclaved water, and grown in 50 ml of SM Ϫ U ϩ 2% raffinose medium overnight at a starting A 600 of 0.4. Again, the cells were pelleted, washed with the autoclaved water, and transferred to 400 ml of SM Ϫ U ϩ 2% raffinose medium for growth. At A 600 ϭ 0.8 -1.2, 200 ml of 3ϫ YPG (3% yeast extract, 6% peptone, and 6% galactose, pH 6.5) induction medium was added to the culture and grown for 6 h. The rich induction medium (3ϫ YPG) was used to produce a higher yield of the protein (34) . The cells were pelleted by centrifugation at 4°C and suspended in 20 ml of yeast lysis buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM MgCl 2 , 1 mM PMSF, and 10% glycerol (v/v). The cells were lysed at 4°C using glass beads. The His-tagged protein was affinity-purified according to the manufacturer's recommendation (Bio-Rad). The lysed sample was subjected to high speed centrifugation (10000 ϫ g) for 30 min at 4°C. The supernatant containing the recombinant protein was allowed to bind to the Ni 2ϩ -NTA matrix. The column was washed with wash buffer 1 containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 20 mM imidazole followed by a second wash with wash buffer 2 containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 40 mM imidazole. The bound protein was eluted with buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 150 mM imidazole. The fractions (1 ml each) were collected and analyzed by 12% SDS-PAGE followed by Coomassie Brilliant Blue staining, and the proteins were confirmed by immunoblot analysis using an anti-His 6 monoclonal antibody. The purified protein was subjected to dialysis, and the protein concentration was measured using Lowry's method.
Escherichia coli BL21(DE3)pLysS cells harboring the pRSET A-AFT1 and pRSET A-AFT2 plasmids were precultured in 5 ml of LB medium with 100 g/ml ampicillin and 34 g/ml chloramphenicol overnight at 37°C. The cells from the preculture were then inoculated in 1000 ml of LB medium containing 100 g/ml ampicillin, 34 g/ml chloramphenicol, 1 mM betaine, and 0.5 M sorbitol (35) . The bacterial cells were grown at 37°C to an A 600 of 0.6 -0.9 and induced with 0.5 mM isopropyl ␤-D-thiogalactopyranoside for 12 h at 16°C. To enable proper folding of the recombinant protein, 200 M ZnCl 2 was also added to the induction medium (36) . The cells were pelleted, and the pellet was suspended in bacterial lysis buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mM PMSF, and 10% glycerol (v/v). The cells were lysed by sonication, and the lysed sample was subjected to high speed centrifugation (10000 ϫ g) for 20 min at 4°C. The supernatant containing the recombinant protein was allowed to bind to the Ni 2ϩ -NTA matrix, and the protein was purified similar to the recombinant yeast protein. The protein samples were analyzed by 12% SDS-PAGE followed by Coomassie Brilliant Blue staining. The purified protein was subjected to dialysis and then used for further studies.
Site-directed Mutagenesis-Site-directed mutagenesis was conducted to evaluate the role of the GXSXG motif in the lipase activity. The predicted amino acid residues Gly-499, Ser-501, and Gly-503 were replaced with alanine (Ala). The mutations in the lipase motif were produced by PCR-based amplification of the entire pRP1 construct. The primers used in this experiment are listed in Table 2 . The mutated codon is underlined in the primer sequence. A QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) was used to construct the mutants, which were confirmed by the DNA sequencing.
Phospholipase Assay-Phospholipase activity was measured under different assay conditions using 5 M fluorescently tagged CL, PE, and PG substrates. A protein-dependent assay was conducted with increasing amounts of the purified Ddl1 protein for 10 min at 30°C, and a time-dependent assay was performed in the presence of 1 g of the purified Ddl1 protein.
For the pH-dependent assay, the activity was conducted at different pH values in the Bistris propane buffer system in the presence of 1 g of the purified protein for 10 min at 30°C. For the temperature-dependent assay, the activity was analyzed for 10 min at different temperatures in the presence of 1 g of the purified Ddl1 protein. The assay mixture consisted of 50 mM Tris, pH 8.0, 3 mM MgCl 2, 1 mM EDTA, 5 mM CaCl 2, 250 M CHAPS, 40% glycerol, 5 M fluorescently labeled substrate, and 1 g of the purified Ddl1 protein in a total volume of 100 l. Under each assay condition, the reaction was stopped, and lipids were resolved on a TLC plate using chloroform:methanol: 25% ammonia (65:25:5, v/v) as solvent system 5, which was used to separate the phospholipids and free fatty acids (FFA) on a single TLC plate. The TLC plates were visualized in a Typhoon FLA 9500 laser scanner, and the lipid molecules were quantified using GeneTools software.
The phospholipase activity of Ddl1 was measured by estimating the FFA release using a fluorescent FFA estimation kit (Cayman Chemical) as reported by Vijayakumar et al. (37) . Nonfluorescent (native) PE and PG with different fatty acid compositions were also used for the assays. The released FFA was scraped from the TLC plates, and the samples were prepared and subjected to gas chromatographic (GC) analysis. The protocols used to prepare the fatty acid methyl esters and separate them on the GC system were performed as reported by Yadav et al. (38) . Briefly, the scraped FFA band containing silica was derivatized with 1 ml of boron trifluoride-methanol for the GC analysis. The fatty acid methyl esters were separated with a DB-Wax-23 column as follows: 50°C for 2 min, and then the temperature was raised to 180°C at a rate of 5°C/min, and thereafter it was raised to 240°C at a rate of 5°C/min. The samples were maintained at 240°C for 5 min, and then the temperature was raised to 300°C at a rate of 30°C/min and maintained at 300°C for 5 min. The total run time was 34 min.
The recombinant mutant and truncated Ddl1 proteins were also used to measure the phospholipase activity.
Lipidomic Analysis by Mass Spectrometry-The yeast cells were grown in 100 ml of their respective SM medium in a 500-ml conical flask. For the lipidome analysis, the cells were harvested from the stationary phase and lyophilized. To identify the molecular species of PA, PC, PE, PG, PI, PS, and CL, an equal amount of lyophilized cells (10 mg) was taken from each sample for lipid extraction. The dried lipids were dissolved in 250 l of chloroform:methanol (1:2) plus 7.5 mM ammonium acetate and diluted 10-fold. The samples were analyzed using MS/MS ALL on an AB Sciex TripleTOF TM 5600 system. The samples were directly infused at a flow rate of 7 l/min. The molecular species of PC and PE were identified in the positive mode, whereas the species of PA, PG, PI, PS, and CL were analyzed in the negative mode. The major CL molecular species clusters (CL C64 to C68) were grouped into two groups, the MUGs and the LUGs.
In each case, the molecular species were annotated by their sum:composition (total fatty acyl carbons:total fatty acyl double bonds). The molecular species identifications and relative quantifications were performed using the LipidView and PeakView software packages (AB Sciex). The molecular species identified by the LipidView software were verified with PeakView software using a manual fragmentation analysis. The precursor ions and neutral loss scan parameters listed in Table  4 were used in the PeakView software analyses.
In the MS/MS ALL technique, a TOF-MS experiment (to scan from m/z 200 -1200) was followed by product ion analyses (1,000 individual MS/MS experiments), as reported by Simons et al. (39) and Huang et al. (40) . The parameters for the TOF-MS experiment include ion source gas 1 (GS1) at 15 psi, ion source gas 2 (GS2) at 20 psi, curtain gas (CUR) at 25 psi, an ESI source temperature of 200°C, ion spray voltage at ϩ5100 (positive) or Ϫ4500 (negative) V, and an accumulation time of 3000 ms. A declustering potential of Ϯ80 V and a collision energy of Ϯ10 eV were used for the positive and negative ion mode experiments, respectively. The parameters for the prod-uct ion experiments include similar source/gas values as for the TOF-MS experiment and an accumulation time of 300 ms. A declustering potential of Ϯ80 V and a collision energy of Ϯ50 eV were used for the positive and negative ion mode experiments, respectively. The other parameters include a collision energy spread of 30, an ion release delay of 30, and an ion release width of 15. The TripleTOF TM 5600 system was calibrated using mode-specific calibration solutions (AB Sciex). A wash step was included between each sample to remove any carryover.
RNA Preparation and Real-time Quantitative PCR Analysis-An equal amount of yeast cells (A 600 ϭ 25) from the stationary phase was collected and stored in RNAlater at Ϫ20°C. An RNA isolation kit (NucleoSpin RNA II kit, Macherey-Nagel) was used to isolate the total RNA, and the quality and the quantity of the RNA were checked by a NanoDrop spectrophotometer. A high capacity cDNA reverse transcription kit (Applied Biosystems) was used to prepare the complementary DNAs (cDNAs). The cDNAs were synthesized from 1 g of RNA according to the manufacturer's protocol. The primers used in this experiment (listed in Table 2 ) were designed with the help of the Primer Express software 3.0 (Applied Biosystems). The cDNAs were diluted at 1:25, and 1 l of the diluted cDNA was used for the real-time quantitative PCR analysis. The real-time PCR assays were conducted in triplicate on an ABI PRISM 7700 sequence detection system (Applied Biosystems) using the cDNAs, gene-specific primers, and 1ϫ Power SYBR Green PCR master mix (Applied Biosystems). Gene expression was normalized using actin (ACT1) as an endogenous control. The real-time quantitative PCR data are represented as the fold change of the control value, which was set to 1.
␤-Galactosidase Assay-The YEp357 vector and pRP6 (YEp357-DDL1) construct were transformed into the WT, aft1⌬, and aft2⌬ strains. To assess the ␤-galactosidase activity of DDL1-lacZ on the WT, aft1⌬ and aft2⌬ backgrounds, the transformants were grown in SM medium designed to maintain selection of the plasmid. Cells from the different transformants were collected and washed with water. The cell-free extracts were prepared, and the ␤-galactosidase activity was measured using a standard protocol (41) . The ␤-galactosidase activity under the control of the DDL1 promoter in the aft1⌬ and aft2⌬ strains was represented as a percentage of the activity in the WT strain, which was set at 100%.
ChIP Assay-ChIP assays were performed using a Dynabeads co-immunoprecipitation kit (Invitrogen) with some adaptations taken from van Attikum et al. (42) . Briefly, the transformants (BG1805-AFT1/2) overexpressing Aft1/2 proteins were collected from the late log phase in 50-ml culture tubes, and cells were fixed with formaldehyde at a 1% final concentration for 15 min. An excess amount of formaldehyde was quenched with 2.5 M glycine. Cells were washed with 1ϫ PBS, pH 7.4, and pellets were stored at Ϫ80°C until use. ChIP-grade monoclonal anti-HA (H3663, lot 025M4772V) and anti-RFP (SAB2702214, lot 41232) antibodies from Sigma-Aldrich were used in the assays. The anti-HA antibody coating on the Dynabeads was done according to the manufacturer's recommendation. Similarly, for the control assay, Dynabeads with the anti-RFP anti- body were also processed and antibody-coated beads were kept at 4°C until use. The following steps were performed at 4°C. Cell extracts were prepared in the extraction buffer by vortexing in the presence of glass beads, protease inhibitor mixture (P8215), and PMSF from Sigma-Aldrich, and cell extracts were collected. A Sonics Vibra-Cell sonicator was used to obtain chromatin fragments of 300 to 700 bp. For the sonication, we used 15 cycles of 3 s "on" and 30 s "off" at 30% amplitude followed by 5 cycles of 10 s on and 60 s off at 20% amplitude. To prevent reverse cross-linking, the cell extracts were kept in ice during the sonication. For the recovery of the sonicated chromatin, a hole was made with a needle in the tube containing the sonicated samples. The sonicated samples were recovered by centrifugation at 2000 rpm for 5 min at 4°C. The samples were transferred to the new tubes and centrifuged at 13,000 rpm for 15 min at 4°C. In each case, the supernatant was transferred to the new tube and centrifuged again at 13,000 rpm for 15 min at 4°C. In each case, the supernatant was collected, and about one-tenth of the total chromatin was kept at Ϫ20°C for input; the rest of the chromatin was divided into two parts, one as immunoprecipitated (IP) and other as control immunoprecipitated (CIP). The IP and CIP samples were incubated for 45 min at 4°C with the Dynabeads coated with anti-HA and anti-RFP antibodies, respectively. After incubation, the Dynabeads were washed with extraction and wash buffers. DNA recovery from input, IP, and CIP was done using a PCR cleanup kit (Sigma-Aldrich). PCR-based data analysis was performed, and the PCR product band intensities were quantified by densitometric analysis using the GeneTools software. The obtained results were represented as reported earlier (43) . Final concentrations of 1% (input) and 4% (IP and CIP) were used as a template for the PCR reaction. Primers used in the ChIP assays are listed in Table 2 .
Electrophoretic Mobility Shift Assay-To identify the regulatory relationship between Aft1/2 transcription factors and the DDL1 gene, EMSAs were performed for the DDL1 promoter using an EMSA kit (Molecular Probes) with slight modifications. The EMSA binding buffer consisted of 4 mM Tris, pH 7.5, 12 mM HEPES, pH 7.5, 75 mM KCl, 5 mM MgCl 2, 1 mM DTT, 100 M ZnCl 2, 0.1 mg/ml poly(dI-dC), 0.1 mg/ml BSA, and 7.5% glycerol. The DDL1 promoter (1 kb) was amplified using the primers listed in Table 2 . Bacterially expressed and purified Aft1/2 proteins were used for this study. A protein-dependent EMSA was performed with an increasing amount of the purified Aft1/2 proteins (200 ng to 1 g) in the presence of 200 ng of the DDL1 promoter DNA at 30°C for 1 h. In each assay, one reaction was performed in the presence of an anti-His 6 monoclonal Ab. The EMSA was also performed with the purified Aft1/2 proteins (1 g) in the presence of 200 ng of the DDL1 promoter DNA (1 kb) and Ab or Fe 2ϩ . Fe 2ϩ was used to inhibit the Aft1/2 binding (36) . After the DNA-protein complex formed at 30°C, the samples were resolved on a 6% nondenaturing polyacrylamide gel in 0.5ϫ TBE buffer (Tris borate-EDTA) at 4°C in a cold room. The gel was stained with SYBR Green EMSA nucleic acid stain, and the images were documented with a UV transilluminator at 300 nm.
Confocal Microscopic Study-The stationary-phase cells grown in SM medium were collected to assess the mitochon-drial morphology. The cells from different genetic backgrounds were collected, washed, and stained with the mitochondrial dye MitoTracker Orange CMTMRos at 100 nM in 10 mM HEPES buffer containing 5% glucose, pH 7.4. The images were captured with a confocal microscope. In each case, the microscope slides were coated with a very thin film of agarose. A Zeiss LSM 700 confocal laser-scanning microscope was used to image the cells.
Measurement of Mitochondrial Membrane Potential-To measure the mitochondrial membrane potential, the potentiometric dye JC-1 (Sigma-Aldrich) was used as described previously (44) . The JC-1 dye is accumulated as red fluorescent J-aggregates in the functional mitochondria in a potential-dependent manner. To assess the mitochondrial membrane potential, cells of different genetic backgrounds were collected from the stationary phase and washed with SM medium. Equal amounts of the washed cells were resuspended in SM medium with JC-1 stain (5 g/ml) and incubated for 30 min at 30°C in the dark. After incubation, the cells were pelleted, washed with SM medium, and resuspended in this medium. Finally, an equal volume of cells suspended in the medium was transferred to a 96-well plate to measure their fluorescence. A Thermo Scientific Varioskan Flash multimode fluorescence plate reader was used to measure red (550/600) and green (485/535) fluorescence. The ratio of F red to F green was used to determine the relative mitochondrial membrane potential. Cells with healthy and functional mitochondria showed a higher red to green fluorescence ratio, whereas a decrease in the red/green fluorescence ratio indicated the presence of dysfunctional mitochondria. The mitochondrial membrane potential was represented as a percentage of the control value, which was set to 100%.
Measurement of Oxygen Consumption-Cells of different genetic backgrounds were collected from the stationary phase and washed with the SM medium. A closed chamber equipped with a Clark-type oxygen electrode (Strathkelvin Instruments, model 782) was used to measure the oxygen consumption rate of the whole yeast cells at 30°C for 5 min with constant agitation. An equal amount of cells was used to measure the rate of oxygen consumption, represented as a percentage of the control value, which was set at 100%.
Statistical Analysis-The experimental data are shown as the mean Ϯ S.E., and data were analyzed using Student's t test. Each experiment was repeated at least three times, and at least 200 cells were scored in each strain per experiment to quantify the microscopic data. Significance was determined at *, p Ͻ 0.05; and **, p Ͻ 0.01.
